Alveolar macrophages are the effector cells largely responsible for clearance of Pneumocystis carinii from the lungs. Binding of organisms to ␤-glucan and mannose receptors has been shown to stimulate phagocytosis of the organisms. To further define the mechanisms used by alveolar macrophages for clearance of P. carinii, mice deficient in the expression of scavenger receptor A (SRA) were infected with P. carinii, and clearance of organisms was monitored over time. SRA-deficient (SRAKO) mice consistently cleared P. carinii faster than did wild-type control mice. Expedited clearance corresponded to elevated numbers of activated CD4 ؉ T cells in the alveolar spaces of SRAKO mice compared to wild-type mice. Alveolar macrophages from SRAKO mice had increased expression of CD11b on their surfaces, consistent with an activated phenotype. However, they were not more phagocytic than macrophages expressing SRA, as measured by an in vivo phagocytosis assay. SRAKO alveolar macrophages produced significantly more tumor necrosis factor alpha (TNF-␣) than wildtype macrophages when stimulated with lipopolysaccharide in vitro but less TNF-␣ in response to P. carinii in vitro. However, upon in vivo stimulation, SRAKO mice produced significantly more TNF-␣, interleukin 12 (IL-12), and IL-18 in response to P. carinii infection than did wild-type mice. Together, these data indicate that SRA controls inflammatory cytokines produced by alveolar macrophages in the context of P. carinii infection.
Pneumocystis carinii is an opportunistic fungal pathogen that causes pneumonia in immunodeficient patients. Extensive studies using animal models have confirmed that alveolar macrophages are critical for host defense against P. carinii (28, 31, 38, 44) . Alveolar macrophages bind to the major surface glycoprotein on P. carinii, resulting in organism attachment and uptake (12, 35) . However, mannose receptors are not critical for clearance of P. carinii, as evidenced by the resistance of mannose receptor-deficient mice to P. carinii pneumonia (45) . Alveolar macrophages also bind P. carinii cell wall ␤-glucans via cognate receptors such as dectin-1, resulting in the production of tumor necrosis factor alpha (TNF-␣) and MIP-2 and uptake and killing of the organisms (44, 47) . Finally, it has been recently found that P. carinii stimulates NF-B activation in alveolar macrophages by an MyD88-mediated signaling event (30) , presumably through Toll-like receptor 2 (TLR2) (49) .
In spite of the fact that unopsonized organisms seem to bind alveolar macrophages efficiently in vitro, P. carinii is quite adept at evading immune surveillance in the lungs when growing at low levels (17) . Stimulation of inflammation in vivo is likely due to growth of the organisms to a critical level that results in ligation of enough receptors on macrophages, epithelial cells, and/or dendritic cells to trigger a signaling event, resulting in activation and production of proinflammatory cytokines. Prior to this, it is likely that lung inflammation is controlled by anti-inflammatory elements present in the lungs, including constitutive interleukin 10 (IL-10) production by alveolar epithelial cells (13) . It is unclear whether the first signaling events that stimulate inflammation in response to P. carinii in vivo are a result of ligation of mannose receptors, ␤-glucan receptors, TLR2, or a combination of these. In this regard it has been shown that TLR2 may work in concert with dectin-1 to stimulate macrophage activation in response to fungal antigens (14) . However, it is also possible that other pattern recognition receptors are involved in stimulation of alveolar macrophages in response to P. carinii.
Scavenger receptor A (SRA) belongs to a class of pattern recognition receptors found on macrophages that have been shown to bind an array of polyanionic molecules, including modified (oxidized or acylated) low-density lipoprotein (LDL), as well as bacterial products, including lipopolysaccharide, polyribonucleic acids, lipoteichoic acid, and polysaccharides (e.g., dextran sulfate) (46) . SRA has two functionally expressed isoforms, both of which have a collagenous domain that is thought to be the binding domain for polyanionic molecules including lipid A (46) . Recent studies have shown that SRA binds a number of bacteria, resulting in nonopsonic uptake, including Neisseria meningiditis, Escherichia coli, Streptococcus pneumoniae, Brucella abortus, and Staphylococcus aureus (1, 18, 25, 37) . Interestingly, there is also some evidence that SRA is important for limiting proinflammatory cytokine responses to mycobacteria (22, 36) . Together, these data imply that SRA acts to induce uptake of bacteria without inducing an overly exuberant inflammatory response. Notably, to date the only pathogens that have been shown to interact with SRA are bacterial, while nothing is known about the interactions of SRA with fungal pathogens.
The goal of this project was to determine whether SRA expression on alveolar macrophages is important for phagocy-tosis and inflammation in the lungs in response to the opportunistic fungal pathogen P. carinii. We found that SRA was not involved in uptake of fungi, though it was important for controlling the inflammatory response to P. carinii.
MATERIALS AND METHODS
Mice. 129x1/SvJ mice were purchased from Jackson Laboratories (Bar Harbor, ME) and bred in the Lexington Veteran's Administration Veterinary Medical Unit. C57BL/6 mice were purchased from Taconic (Germantown, NY). SRA I/II-deficient mice (SRAKO) on a 129x1/SvJ or a C57BL/6 background and CB.17
scid/scid mice (originally from Taconic) were bred in the Veteran's Administration Veterinary Medical Unit. Mice were maintained on acidified water and sterile rodent chow in sterile microisolator caging. Experiments with adult animals were performed with either all-male or all-female cohorts when mice were between 8 and 16 weeks of age. Neonatal mice were used at 24 to 48 h of age.
Infection with and enumeration of Pneumocystis carinii f. sp. muris. P. carinii was maintained in a colony of severe combined immunodeficient mice. Lungs from heavily infected donors were pushed through wire mesh screens in Hank's buffered saline solution (HBSS) and spun at 100 ϫ g for 3 min to pellet lung debris. Organisms in the supernatant were spun onto glass slides, fixed in methanol, and stained with DiffQuik (Dade International, FL). Organisms were enumerated microscopically by counting nuclei in either cyst or trophic life forms as previously described (15) . Adult mice were given intratracheal inoculations of 10 7 nuclei, and neonatal mice were given intranasal inoculations of 10 6 nuclei per gram of body weight under light halothane anesthesia. P. carinii lung burdens in experimental mice were determined microscopically on DiffQuik-stained lung aliquots as previously described (32) . The P. carinii burden in lungs is expressed as log 10 P. carinii organisms per right lung lobes, and the limit of detection was 3.23.
Isolation of cells from alveolar spaces, lungs, and lymph nodes. Mice were killed by exsanguination under deep halothane anesthesia. The lungs were subjected to lavage with HBSS containing 3 mM EDTA. Lungs were minced and digested for 1 h with 1 mg/ml collagenase A (Sigma, St. Louis, MO) and 50 U/ml DNase (Sigma) and then dispersed in single-cell suspensions by pushing through 70-m nylon mesh screens. Tracheobronchial lymph nodes (TBLN) were pushed through nylon mesh screens to obtain single-cell suspensions. Red blood cells were removed from cell suspensions by treatment with a hypotonic lysis buffer. Leukocytes were enumerated prior to use in flow cytometry assays.
Flow-cytometric analysis of lung and TBLN cells. Bronchoalveolar lavage fluids (BALF), lung digests, and TBLN cells were washed in phosphate-buffered saline containing 0.1% bovine serum albumin and 0.02% NaN 3 and stained with appropriate concentrations of fluorochrome-conjugated antibodies specific for CD4, CD8, CD62L, CD44, CD11c, CD11b, and major histocompatibility complex class II. Antibodies were purchased from BD Biosciences or eBioscience. Expression of molecules on the surfaces of leukocytes was determined by multiparameter flow cytometry using a FACSCalibur cytofluorimeter (BD Biosciences). We routinely acquired 50,000 events for analysis.
Quantitation of lung cytokines. The first wash of BALF was set aside for cytokine analysis. IL-12 and IL-18 were quantitated utilizing commercially available enzyme-linked immunosorbent assay kits (R&D Systems) per the manufacturer's instructions. TNF-␣ was quantitated with cytokine bead array kits (BD Bioscience) and flow cytometry. Data were obtained from individual mice.
In vivo phagocytosis assay. P. carinii organisms were purified by differential low-and high-speed spin and hypotonic lysis of lung cells as previously described (15) . To disperse clumps, organisms were maintained in HBSS containing 0.5% glutathione during purification and pushed through a 22-gauge and then a 26-gauge needle. Organisms were incubated with the fluorescent membrane-permeant dye DiO (Molecular Probes) and washed extensively. P. carinii organisms (5 ϫ 10 6 nuclei) were inoculated intratracheally into adult mice as described above. Four hours later, lungs were subjected to lavage, and cells were collected for analysis by flow cytometry. Cells were stained with fluorochrome-conjugated anti-CD11c and anti-F4/80 and analyzed with a FACSCalibur cytofluorimeter. Macrophages that fluoresced above background in the green channel were considered positive for having phagocytosed P. carinii. Data are expressed as the percent positive macrophages and as the mean fluorescence intensity (MFI) as a relative measure of the number of organisms taken up by the macrophages.
In vitro analysis of alveolar macrophage cytokine production. Alveolar macrophages were isolated from wild-type and SRAKO mice by lavage as described above. Aliquots of cells were spun onto glass slides, fixed in methanol, and stained with DiffQuik. Cells were examined microscopically for macrophage morphology. Samples that were not Ͼ95% macrophages were not used for experiments. Dendritic cell contamination was not a significant problem, since in uninfected mice dendritic cells generally obtain samples of the alveolar space by sending in dendrites from the parenchyma and so are not a part of the population of cells subjected to lavage from the alveoli (24) . Macrophages were placed in 96-well plates at 2 ϫ 10 5 macrophages per well in RPMI containing 5% heatinactivated fetal bovine serum, L-glutamine, and 2-␤-mercaptoethanol and rested overnight at 37°C under an atmosphere of 5% CO 2 in room air. Macrophages were stimulated with 5 g/ml lipopolysaccharide (LPS), P. carinii sonicate, or whole P. carinii organisms (20 nuclei per macrophage) for 24 h, and supernatants were collected for subsequent cytokine quantitation by cytokine bead array as described. Triplicate wells were used per culture condition, and data were analyzed for individual wells and expressed as means.
Statistical analysis. In vivo time course experiments were analyzed using two-way analysis of variance followed by Student Newman Kuel's post-hoc test, where appropriate. Data sets were considered significantly different when the P value was less than 0.05. Statistical analysis was not performed on data generated from in vitro assays, since data represent replicate wells of pooled cells and so n is 1. However, experiments were repeated two to four times to confirm results.
RESULTS
SRA has minor effects on clearance of P. carinii from the lungs in neonatal and adult mice. SRAKO mice have been reported to be more susceptible to bacterial lung infection than wild-type control mice (1) . This is likely due to the ability of SRA to bind bacterial cell wall components, such as lipopolysaccharide, lipoteichoic acid, and lipoproteins, and to facilitate phagocytosis (18, 37, 39) . To determine whether SRA is also important for defense against a fungal pathogen, wild-type and SRAKO mice were infected with P. carinii, and lung organism burden was evaluated over time. Interestingly, SRAKO mice were fully competent to clear P. carinii and in some experiments were able to do so more efficiently than wild-type mice. As shown in Fig. 1A and B, some adult SRAKO mice were able to clear P. carinii infection as early as day 10 postinfection. SRAKO mice cleared P. carinii equally well whether they were on C57BL/6 (Fig. 1A) or 129x1/SvJ (Fig. 1B) backgrounds. Because we made the interesting observation that SRAKO mice may clear P. carinii faster than wild-type mice, we also examined clearance in neonatal SRAKO mice. We previously reported that neonatal mice clear P. carinii much more slowly than adult mice and were interested in whether the clearance could be expedited in the absence of SRA (10, 15, 16) . As shown in Fig. 1C , the kinetics of clearance of P. carinii in SRAKO mice infected at 48 h of age was not significantly different from that in infant wild-type mice. Together, these data indicated that SRA is not critical for clearance of this fungal pathogen. However, the subtle differences in the kinetics of clearance of P. carinii in SRAKO mice led to an examination of the inflammatory response to P. carinii in these mice.
SRA expression dampens the lung lymphocyte response to P. carinii. Clearance of P. carinii is dependent on multiple immune cell populations, including CD4 ϩ T cells (20, 41) , macrophages (31) , and B cells (33, 34) . Interestingly, in every experiment, SRAKO mice had elevated numbers of CD4 ϩ T cells in the alveoli and lung interstitium. As shown in Fig. 2 , the number of CD4 ϩ T cells expressing an activated phenotype was significantly greater in the BALF of SRAKO than in that of wild-type mice at day 7 postinfection. These numbers started to decrease by day 14 and were similar to those for the wild type by day 23 postinfection. Similar trends were seen in the lung interstitium, where SRAKO mice had greater numbers of activated CD4
ϩ T cells than wild-type mice at day 14 postin-fection (Fig. 2B) . However, we found reduced numbers of activated CD4 ϩ T cells in the draining lymph nodes of SRAKO mice (Fig. 2C) , possibly due to a more rapid exit to the site of infection. Interestingly, we also found that SRAKO mice infected as neonates had elevated numbers of activated CD4 ϩ T cells in the alveoli at day 21 postinfection and in the lung interstitium as early as day 13 postinfection (Fig. 2D and E ). There were no differences in activated CD4 ϩ T cells in the draining lymph nodes (Fig. 2F) . These data suggest that SRA may play an indirect role in controlling expansion of CD4 ϩ -Tcell populations. In contrast, we did not see any differences in B-cell numbers in the lungs or draining lymph nodes or in P. carinii-specific-antibody levels in serum in SRAKO compared to wild-type mice infected with P. carinii, regardless of the age at which the mice were challenged (data not shown).
Alveolar macrophage responses to P. carinii in SRAKO mice are comparable to or better than those in wild-type mice. Since SRA is expressed almost exclusively on myeloid-lineage cells, we examined whether alveolar macrophage function in response to P. carinii was altered in the absence of SRA. Interestingly, there was a significant influx in neutrophils into the alveolar spaces of SRAKO mice by day 7 postinfection; however, by day 14, neutrophil numbers were not different from those in wild-type mice (data not shown). We also found that expression of CD11b, an integrin and ␤-glucan receptor, on alveolar macrophages from SRAKO mice infected with P. carinii was higher than in wild-type mice (Fig. 3A, C) . There was a decrease in the proportion of nonlymphoid cells that were CD11c hi CD11b int and an increase in CD11c int CD11b hi cells in the SRAKO BALF and lung digests compared to the wild type (Fig. 3) . This may correspond to either activation of the alveolar macrophages or infiltration of monocytes. We and others have found that alveolar macrophages upregulate CD11b during inflammatory states (10, 29) . However, we did not see differences in expression of major histocompatibility complex class II in alveolar macrophages from SRAKO compared to wild-type mice (data not shown). We found no difference between the absolute number of alveolar macrophages in the lungs or BALF of SRAKO mice and that in wild-type mice (data not shown). In addition, no differences were found in the expression levels of dectin-1, the ␤-glucan receptor critical for binding and phagocytosis of P. carinii by macrophages (data not shown) (43, 44) . These data suggest that SRAKO mice have more CD11b ϩ alveolar macrophages early after infection with P. carinii, which may account for the slight reductions in P. carinii burdens we observed in some experiments. In contrast, the proportion of CD11c hi CD11b hi cells at day 7 postinfection in the lung digests of SRAKO mice was about twofold lower than that in wild-type mice (Fig. 3B) . This may be due to migration of dendritic cells into the draining lymph nodes.
We next examined whether there were functional differences between alveolar macrophages from wild-type mice and those from SRAKO mice. P. carinii organisms were fluorescently labeled with DiO, a stable lipophilic dye, and injected intratracheally into mice. Twenty-four hours later, lungs were subjected to lavage, and the proportion of alveolar macrophages that had phagocytosed organisms was determined by flow cytometry. Figure 4A shows that the proportion of P. cariniicontaining macrophages was not different between wild-type and SRAKO cells. Moreover, the MFI, a measure of the number of organisms ingested per cell, was also similar between SRAKO and wild-type macrophages (Fig. 4B) .
In vitro stimulation of alveolar macrophages was performed to measure cytokine production in response to LPS or P. carinii. After 24 h of stimulation, SRAKO alveolar macrophages elaborated significantly more TNF-␣ than did wild-type macrophages (Fig. 5A) . However, there was a decrease in TNF-␣ production by SRAKO alveolar macrophages in response to either whole P. carinii organisms or P. carinii antigens compared to that by unstimulated cells (Fig. 5A) . In contrast, wild-type alveolar macrophages produced increased TNF-␣ in response to P. carinii. Production of IL-6 followed similar trends, in that LPS stimulated IL-6 production from SRAKO alveolar macrophages, while P. carinii did not stimulate IL-6 production (Fig. 5B) . In contrast, stimulation of alveolar macrophages with zymosan, a ␤-glucan-rich yeast cell wall extract, resulted in increased production of TNF-␣ and IL-6 by both wild-type and SRAKO cells (Fig. 5C) . Together, these data suggest that SRA is a negative regulator of LPS-induced proinflammatory cytokines but may be important for secretion of cytokines in response to P. carinii.
Lung proinflammatory cytokine levels are increased in SRAKO mice in response to P. carinii. Previous studies have shown that proinflammatory cytokines such as TNF-␣ are readily made in the lungs of immunocompetent mice exposed to P. carinii (5-7). Moreover, TNF-␣ production, perhaps in conjunction with gamma interferon, is necessary for host defense against P. carinii (6, 27, 42). Since we and others have shown that alveolar macrophages elaborate TNF-␣ in response to P. carinii (23, 26, 38) , we examined whether TNF-␣ production was altered in P. carinii-infected SRAKO mice. As shown in Fig. 6A , at day 7 postinfection TNF-␣ concentrations were significantly greater in the alveolar spaces of P. carinii-infected SRAKO mice than in those of wild-type mice. The peak of TNF-␣ in the lungs of wild-type mice occurred at day 14 postinfection, whereas TNF-␣ concentrations were reduced by this time in SRAKO mice. Elevated TNF-␣ levels corresponded to the elevated CD4 ϩ T cells and neutrophils in the lungs of SRAKO mice at day 7 postinfection. Interestingly, we also found that there was a significant increase in IL-18 concentrations in the BALF of SRAKO mice compared to those of wild-type mice at day 10 postinfection (Fig. 6B) . IL-12 concentrations tended to be higher in the BALF of SRAKO mice, but differences were not statistically significant (data not shown). Together, these data indicate that SRA plays a role in controlling inflammation during P. carinii infection.
DISCUSSION
The data presented here identify SRA as an important pattern recognition receptor for controlling the inflammatory response to the opportunistic fungal pathogen P. carinii. We have demonstrated that in the absence of SRA there is an exacerbated CD4
ϩ -T-cell, neutrophil, and proinflammatory cytokine response to P. carinii in the lungs. Interestingly, this is in contrast to the direct response to P. carinii we observed in vitro. Alveolar macrophages from SRAKO mice produced reduced levels of TNF-␣ and IL-6 in response to P. carinii but elevated cytokines in response to LPS. Together, these data suggest that SRA protects mice against elevated proinflammatory cytokines in response to P. carinii; however, other cells, such as dendritic cells, and not macrophages may be responsible for the in vivo observations. Studies with SRAKO mice have shown that ligation of SRA is important for phagocytosis of bacterial pathogens such as pneumococcus and Francisella and at the same time controls inflammation (1, 22, 37, 39) . In our study, we found that SRA had no effect on phagocytosis of P. carinii. This is consistent with current literature, which indicates that ␤-glucan and mannose receptors are critical for unopsonized phagocytosis of P.
carinii (4, 11, 12, 19, 23, 30, 35, 44, 47) . However, as has been shown for bacterial pathogens, we also found that P. carinii infection induced elevated proinflammatory cytokines in the lungs of SRAKO mice (1, 22) . These data provide added evidence that SRA-dependent phagocytosis and inhibition of cytokine production are controlled independently.
We do not know which ligand for SRA is expressed by P. carinii. There are limited previous observations that carboxymethylated ␤-1,3-glucan binds SRA and may protect against endotoxic shock (9, 48) . ␤-Glucans are a component of the P. carinii cyst cell wall (4, 11, 19, 23, 30, 35, 47) . However, Dushkin et al. (9) reported that unmodified ␤-glucans had only slight effects on acylated-LDL metabolism, suggesting that only the modified carboxymethylated ␤-glucans may bind SRA (9, 48) , and there is no indication from the literature that P. carinii ␤-glucans are modified in any way. Recently, protein ligands for SRA have been identified from intact Neisseria meningitidis; one of them, NMB1220, induced endocytosis (37) . These results may suggest that other microorganisms express surface proteins that can act as ligands for SRA.
Interestingly, zymosan, a ␤-glucan-and mannan-rich yeast wall extract, but not P. carinii, caused increased TNF-␣ production in alveolar macrophages from SRAKO mice in vitro. We and others have previously found that zymosan is a more potent stimulator of macrophage proinflammatory cytokine production than P. carinii (reference 43 and our unpublished observations). These results were accentuated in SRAKO macrophages that produced very high levels of TNF-␣ in response to both LPS and zymosan but reduced TNF-␣ in response to P. carinii (Fig. 5) . Our in vitro stimulation results seem contradictory to what we found in SRAKO mice when we challenged them with P. carinii. Direct stimulation of alveolar macrophages with P. carinii in vitro resulted in reduced levels of TNF-␣ in SRAKO cells compared to wild-type cells. In contrast, when we infected SRAKO mice with P. carinii, we found elevated levels of TNF-␣ in the lungs at day 7 postinfection. This corresponded to increased numbers of lung macrophages with elevated CD11b expression. It is possible that the elevated TNF-␣ levels were a result of increased T-cell infiltration into the lungs. We have found that a significant proportion of lunginfiltrating CD4 ϩ T cells produce TNF-␣ during P. carinii pneumonia (unpublished observations). If this was the case, it may imply that the effects of SRA on inflammation during P. carinii infection are a result of ligation of SRA not on macrophages but on another cell type. It has been recently shown that SRA is a functional pattern recognition receptor on dendritic cells and may affect T cell function, particularly by crosspresentation of antigen (2, 3, 21) . We are quite interested in this possibility and are pursuing this experimentally.
Since adult SRAKO mice tended to clear P. carinii faster than wild-type mice and certainly exhibited elevated inflammation, we used a model of neonatal immunity to determine whether neonatal SRAKO mice were capable of expedited clearance of P. carinii. We have extensive data demonstrating that there is a significant delay in the ability of neonatal mice to clear P. carinii compared to adult mice, and this delay corresponds to delayed activation of alveolar macrophages, delayed entry of CD4 ϩ cells into the lungs, and delayed specific antibody responses to P. carinii (10, 15, 40) . Consistent with our observations in adults, neonatally infected SRAKO mice had elevated numbers of CD4 ϩ cells in the lungs and draining lymph nodes compared to wild-type pups. Moreover, there were increased numbers of activated macrophages in the lungs of neonatally infected SRAKO mice. However, this did not equate to faster clearance of P. carinii organisms, possibly because the kinetics of cellular infiltration was not significantly altered, only the intensity of the response. These data suggest that SRA also exerts control of inflammation in neonatal lungs but does not alter the kinetics of the response to a great degree. We have previously shown that the neonatal lung environment is largely immunosuppressive (reference 16 and unpublished observations), and the data presented here suggest that ligation of SRA on lung myeloid cells does not significantly alter the environment.
Our data provide the first evidence that SRA is involved in control of inflammation in the lungs of mice infected with a fungal pathogen. To date, there have only been reports of SRA involvement in recognition of bacterial ligands, modified LDL, polyanions, and environmental particles (1, 18, 37) . CunhaRodrigues et al. (8) found no role for SRA in defense against the parasitic pathogen Plasmodium berghei, an etiological agent of malaria; however, that study was limited to examination of parasite burden and not inflammation (8) . Further study is necessary to identify potential SRA ligands expressed by P. carinii. Since the pathogenesis of P. carinii is intimately related to inflammation, understanding how SRA dampens TNF-␣ production could have important ramifications for treatment of the fungal pathogen.
